This study assesses the effect of temperature and rainfall on diarrhoea incidence in sludge and nonfaecal sludge applying farming communities in Northern Ghana. Diarrhoea episode data were obtained through an open cohort survey involving 1,341 and 1,323 individuals from the sludge and non-faecal sludge communities, respectively. The effects of temperature and rainfall variables on diarrhoea incidence were assessed using autoregressive Poisson regression models. Maximum rainfall events in the same bi-week increased the risk of diarrhoea in the sludge (relative risk, RR:
INTRODUCTION
Diarrhoea remains a major cause of morbidity worldwide accounting for the death of some 1.8 million people annually (WHO ). Diarrhoeal disease incidence exhibits seasonal patterns (Feachem et al. ) dictated by a myriad of complex factors within the public and domestic domains (Cairncross et al. ) , of which the impact of public domain factors such as the application of faecal sludge in agriculture is significant (WHO ). The risk of diarrhoeal diseases associated with faecal sludge application depends on the occurrence of pathogens in farm soils and their decay rates -all of which are, to some extent, influenced by seasonal variations in temperature and precipitation (Gerba & Bitton ) . The ultraviolet light from the sun inactivates viruses and bacteria (Feachem et al. ; Gerba & Bitton ) . For instance, viruses and Salmonella occurring in faecal sludge can just survive for <70 days (usually <20) and <100 days (usually <20), respectively, in farmland soils at temperatures of 20-30 W C (WHO ). However, under constantly low temperatures, the survival of viruses and Salmonella can increase to one year, to cause infections in exposed farmers (Feachem et al. ) . Increased precipitation is associated with the transport of pathogens on sludge-amended farms. The movement of Cryptosporidium, through tilled and untilled soils under different rainfall intensities has been demonstrated in a recent study (Ramirez et al. ) . Depending on the agricultural wastes in subsurface drainage waters contaminated streams in Ohio. The foregoing suggests that variations in these key weather variables can mediate in the transmission of diarrhoeal diseases, especially in settings where the land application of untreated faecal sludge is practised.
To our knowledge, no study has assessed the relationship between weather variables and diarrhoea incidence in From an applied perspective, interventions can be developed not only within the matrix of curtailing exposure to pathogens as presently prescribed by the World Health Organization guidelines (WHO ), but also related to temperature and rainfall variations.
In this study, a comparative assessment of the effect of rainfall and temperature on diarrhoeal disease incidence in faecal sludge and non-faecal sludge applying communities 
METHODS
The study population and data collection
The study was performed in the Tamale Metropolitan Area 
Statistical analysis
All statistical analyses were carried out using STATA 10 For the faecal sludge communities' model, maximum temperature, minimum temperature, minimum rainfall and maximum rainfall, with relevant lagged terms were significantly correlated with the reported diarrhoea cases. Two bi-week lagged effects of maximum and minimum temperature on cases of diarrhoea were detected while one lagged effect was detected for minimum rainfall. Lagged effect of maximum rainfall at one bi-week and three bi-weeks were also significantly correlated with diarrhoea cases. Additionally, a three order autocorrelation of the number of diarrhoea cases was detected by the PACF. Accordingly, a third order autocorrelation in combination with the lags for the weather variables was chosen in building the autoregressive Poisson model for the faecal sludge communities.
In the case of the non-sludge communities, no autocorrelation was observed in the number of diarrhoea cases.
However, maximum temperature, minimum temperature
and maximum rainfall at a lag of one bi-week were found to be significantly associated with diarrhoea cases and were therefore included in the model of the non-sludge communities. The Akaike's Information Criterion (AIC) was used to examine the best model fit. The model with the smal- The final model adjusted for autocorrelation and seasonality took the general form:
where Y t is the diarrhoea cases for each bi-week; T is the number of time periods described by each sinusoidal function (e.g., T ¼ 24 bi-weeks); t is the time period (e.g., t ¼ 1 for first bi-week; t ¼ 2 for second bi-week, etc.); Y tÀn autoregressive terms for diarrhoea cases; Temp t is maximum or minimum temperature; Temp t-n autoregressive terms for maximum or minimum temperature; Rain t is maximum or minimum amount of rainfall; Rain t-n autoregressive terms for maximum or minimum rainfall; β 0 is the intercept; and X t (X t ¼ 1 identifies the period during sludge application;
X t ¼ 0 identifies the period after sludge application).
RESULTS

Temperature and rainfall variables
Descriptive statistics of the rainfall and temperature data used in the study are presented in Table 1 . The mean bi-weekly maximum and minimum temperatures for the sludge and non-sludge application periods were 31.6 and 23.2 W C, respectively, and the corresponding bi-weekly rainfalls were 3.4 and 26.4 mm, respectively. For both periods, there was a significant difference (p < 0.05) in maximum temperature and maximum and minimum rainfall. However, no significant difference in minimum temperature (p > 0.05) was observed.
Diarrhoea cases and sludge application
The total number of diarrhoea cases recorded for the faecal sludge and non-faecal sludge communities over the study period were 1,352 and 888 respectively. In the sludge and non-sludge communities, the mean bi-weekly diarrhoea incidence was 56 and 37, respectively. This resulted in bi-weekly incidences of 0.042 per person for the sludge communities and 0.028 per person for the non-sludge communities.
There was a decreasing trend in the bi-weekly diarrhoea incidence per person from the period of sludge application to the period of non-sludge application in the sludge and non-sludge communities. For the sludge communities, the bi-weekly diarrhoea incidence per person decreased from 0.03 in the sludge application period to 0.015 per person in the non-sludge period. In the case of the non-sludge communities, the bi-weekly diarrhoea incidence per person was 0.012 in the period of sludge application compared to 0.011 for the non-sludge application period. However, the effect of the sludge and non-sludge application periods as risk factors was not significant in both the sludge and non-sludge communities' models, and thus was not included in the final models. diarrhoea cases of the models revealed a goodness of fit with a correlation coefficient of 0.99 (p < 0.001).
Effect of rainfall on diarrhoea incidence
Figures 4(a) and 4(b) show the bi-weekly incidence of maximum and minimum rainfall in relation to the biweekly diarrhoeal incidence in the faecal sludge and non-faecal sludge communities, respectively. In the sludge and non-sludge communities an increase in diarrhoea cases was seen with maximum rainfall in bi-weeks 5, 8 and 11. For the sludge communities, the largest biweekly diarrhoea incidence coincided with the onset of the first maximum rainfall in April (bi-week 5) which followed a long dry period. In the non-faecal sludge communities, the peak diarrhoea incidence occurred in maximum rainfall events on the bi-weekly diarrhoea cases in both the sludge and non-sludge communities. In the sludge communities, maximum rainfall in a particular biweek increased the risk of diarrhoea in the subsequent bi-week and three bi-weeks after. However, in the nonsludge communities, maximum rainfall event in a particular bi-week decreased the risk of diarrhoea in the subsequent bi-week. Unlike the maximum rainfall events, all the minimum bi-weekly rainfall events decreased the risk of diarrhoea cases in both the sludge and nonsludge communities. There was also no observable lag effect of minimum rainfall in the non-sludge communities.
However, in the sludge communities, minimum rainfall in a particular bi-week was significantly associated with the risk of diarrhoea cases reported in the subsequent biweek.
Effect of temperature on diarrhoea incidence
Figures 5(a) and 5(b) show the bi-weekly maximum and minimum temperature in relation to the bi-weekly incidence of diarrhoea in the faecal sludge and non-faecal sludge communities respectively.
The relationship between maximum and minimum temperatures and the bi-weekly incidence of diarrhoea cases in the sludge and non-sludge communities as estimated by the models are shown in Tables 2 and 3 . The models show that maximum temperature occurring in a given bi-week decreased the risk of diarrhoea incidence in that bi-week in the sludge communities, but increased the risk in the non-sludge communities. Lag effects of maximum temperature on the bi-weekly incidence of diarrhoea were also observed in both study communities. In this case, maximum temperatures recorded in a particular bi-week increased the risk of diarrhoea incidence in the subsequent bi-week in the sludge communities and in the subsequent two bi-weeks in the non-sludge communities. In terms of minimum temperature, different effects on diarrhoea were observed in the sludge and non-sludge communities. Rainmin: average bi-weekly minimum rainfall; Rainmax: average bi-weekly maximum rainfall; Tempmax: average bi-weekly maximum temperature; Tempmin: average bi-weekly minimum temperature.
Lag: Lag effects of parameters on bi-weekly diarrhoea incidence (e.g., tempmax lag1 indicate the effect of maximum temperature in a particular bi-week on the incidence of diarrhoea in the next bi-week). Minimum temperature in a particular bi-week increased diarrhoea risk in the sludge communities but decreased it in the non-sludge communities. Lag effects of minimum temperature on diarrhoea cases were also observed in the sludge and non-sludge communities. In the sludge communities, minimum temperature in a particular bi-week decreased the risk of diarrhoea cases in the subsequent two bi-weeks but increased the risk three bi-weeks after. In the non-sludge communities, minimum temperature in a particular bi-week decreased the diarrhoea risk in the next bi-week.
DISCUSSION
The study revealed a similar seasonal pattern of reported diarrhoea cases in the sludge and non-sludge communities, with more cases reported during the period of sludge application compared to the non-sludge application period. The incidence was however lower in the non-sludge communities. Diarrhoeal incidence was negatively associated with the sludge application period but this relationship after accounting for the weather variables was not statistically significant. Therefore, other factors within the public and domestic domain, affected by rainfall and temperature may have mediated the diarrhoea disease incidence pattern in the sludge communities. This is more so, as the overall pattern of the diarrhoea disease incidence in both the sludge and non-sludge communities followed the well-known seasonal pattern in similar regions, where increased cases are recorded in warmer, wet months.
To our knowledge, this is the first study reporting the effect of temperature and rainfall on diarrhoea incidence in faecal sludge communities. In both the sludge and nonsludge communities, maximum rainfall events occurring in the same bi-week increased the risk of diarrhoea incidence. This is consistent with findings made in other studies elsewhere. In Fiji, high rainfall was associated with significant increases in diarrhoea incidence among infants after adjusting for the effect of long-term trends and seasonal pattern (Singh et al. ) . In our study, the impact of maximum rainfall on diarrhoea incidence was higher in the sludge communities compared to the non-sludge communities, suggesting a greater mediation of rainfall in the exposure to pathogens in the sludge communities. During the sludge application period, two maximum rainfall peak events occurred (in bi-weeks 5 and 9), and were both associated with increased incidence of diarrhoea cases. Blumenthal A major observation was the disparate effect of maximum temperature on diarrhoea disease incidence in the sludge and non-sludge communities. A positive relationship was found between maximum temperature and diarrhoea incidence occurring in the same bi-week in the non-sludge communities. In Lima, increased diarrhoea cases were associated with maximum temperature following El-Nino events (Checkley et al. ) . Also, in Bangladesh a positive linear relationship was found between non-cholera diarrhoea and temperature (Hashizume et al. ) . In a Vietnamese study involving farmers using wastewater and excreta on crops, a higher incidence of diarrhoea was observed in the hottest months compared to the coldest months (Trang et al. ) . However, this was not statistically significant, and it was not clear whether increased temperature had any direct role in the diarrhoea occurrence. This study has some limitations that need to be stressed.
Time-aggregation of the data may produce biased estimates as it reduces sample size and introduces measurement errors that are negatively correlated with the duration (Peterson & Koput ) . Therefore, our bi-weekly aggregation may be too coarse to fully establish the predictability of our autoregressive models. However, it is the best measure we could use in this study, and the fact that our model predicts reported incidence shows our approach in reducing the model error was successful. Also recall and reporting bias, may affect the overall incidence of diarrhoea cases 
CONCLUSIONS
Sludge application can significantly improve soil quality by providing a cheap source of organic fertilizer to farmers.
However, it can also pose significant health risks if not undertaken in a safe manner. In areas where the application of faecal sludge is seasonal and limited treatment of sludge is undertaken prior to application, it is important for the effect of rainfall and temperature to be taken into account when designing schemes for sludge application. This is to ensure that the risks posed by the practice do not exceed the benefits.
The study revealed that rainfall and temperature can significantly affect diarrhoeal disease transmission in faecal sludge applying communities. It is recommended that weather variables should be accounted for in the design of faecal sludge reuse schemes. More importantly, WHO guidelines on faecal sludge application should clearly enunciate risk models that adequately encapsulate the effects of key weather variables. The model used in this paper can be extended to predict diarrhoea disease incidence in relation to untreated faecal sludge application given local climatic data. It may also be extended to include other socio-demographic risk factors.
